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 To my Family and Friends 
 
 
 
 
 
 
 
 
 
The wind of heaven is that which blows between a horse's ears. 
~Arabian Proverb 
   
Nota prévia 
 
 
Na elaboração da presente dissertação e, nos termos do nº 2, alínea a) do Artigo 25 do 
regulamento de Estudos de Pós-Graduação da Universidade de Lisboa, publicado em Diário 
da República nº 57, 2ª Série de 23 de Março de 2015, esclarece-se que apenas foram 
considerados integralmente artigos científicos originais já publicados (4), submetidos (1) ou 
em preparação (1), em revistas indexadas de circulação internacional, os quais integram os 
capítulos da presente tese. A candidata declara que participou integralmente no planeamento, 
elaboração, análise e discussão dos resultados de todos os trabalhos com primeira autoria. No 
caso dos trabalhos de colaboração, nomeadamente o intitulado Genetic diversity and 
demographic structure of the endangered Sorraia horse breed assessed through pedigree 
analysis (Capítulo 2, Paper 1), a autora participou na análise, interpretação e discussão de 
resultados, assim como na preparação do manuscrito. 
 
A presente dissertação, por ser uma compilação de artigos científicos internacionais, foi 
redigida em língua Inglesa. No final de cada capítulo é apresentada uma lista de referências 
em vez de uma única lista no final da tese, razão pela qual poderá ocorrer duplicação das 
mesmas nos diferentes capítulos. Cada capítulo tem, também, associada a respectiva 
informação de suporte, quando necessária. Alguns capítulos têm formato diferente devido aos 
diferentes requisitos das revistas científicas nos quais os mesmos foram publicados, 
submetidos ou virão a ser submetidos. 
 
 
  
Preliminary note 
 
 
In the preparation of this dissertation, in accordance with paragraph 2, a) of Article 25 of 
the Post-Graduate Studies Regulation of the University of Lisbon (Diário da República nº 57, 
2ª Série de 23 de Março de 2015), only original scientific articles already published (4), 
submitted (1) or in preparation (1), in international indexed journals were considered, 
integrating the chapters of this thesis. The candidate fully participated in the planning, 
preparation, result analysis, discussion and writing of the manuscripts presented as first 
author. In case of collaborative work, such as Genetic diversity and demographic structure of 
the endangered Sorraia horse breed through pedigree analysis (Chapter 2, Paper 1), the 
author participated in the analysis, interpretation and discussion of results, as well in the 
manuscript preparation. 
 
In addition, because this dissertation is composed of a series of international publications, it 
has been written in English. A reference list at the end of each chapter, rather than in the end 
of the dissertation, is presented. This may lead to references duplication between chapters. 
Each chapter has also their own supplementary information, when necessary. The different 
format between chapters is a direct result of the different requirements from the scientific 
journals in which they were published, or will be submitted. 
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O Cavalo do Sorraia é um cavalo primitivo, considerado um recurso genético equino 
universal. Este tipo equino é, provavelmente, o representante actual do tipo equino ancestral 
de várias raças de cavalos de sela Ibéricas e do Novo Mundo. A raça foi recuperada em 1937 
pela família Andrade, a partir de 12 animais fundadores, sendo gerida como uma população 
fechada desde então. Existem actualmente 10 criadores de cavalos Sorraia em Portugal e oito 
na Alemanha. Com apenas ~ 150 éguas reprodutoras e uma população mundial de ~ 300 
animais, o Sorraia encontra-se em critical risk status, enfatizamdo a necessidade de 
estabelecer um plano de conservação que vise atingir uma população auto-sustentável a longo 
prazo. O Sorraia é conhecido por ter variabilidade genética reduzida, níveis de 
consanguinidade extremamente elevados, esperma de má qualidade e, também, por sofrer de 
subfertilidade. Os valores de consanguinidade são muito superiores aos descritos em qualquer 
outra raça de cavalos, com uma média de 0.38 na população actual. 
Para estudar a variabilidade genética, estrutura demográfica e estado actual da população 
foram usados todos os animais inscritos no Livro Genealógico (Studbook) da raça Sorraia 
(população total, constituída por 653 animais, nascidos entre 1937-2006), ou uma amostra 
mais reduzida (constituída pelos 206 animais vivos, à data da realização dos trabalhos). O 
intervalo de geração médio foi de 7.94 anos. A diversidade genética encontrada foi reduzida, 
estando de acordo com trabalhos anteriormente publicados nesta raça. A contribuição dos 
fundadores provou ser muito díspar sendo que alguns já não se encontram sequer 
representados, demonstrando a perda de diversidade genética elevada que ocorreu ao longo 
das gerações. Apenas 7.46 fundadores (effective founders) e 4 antepassados (effective 
ancestors) estão actualmente representados, sendo que apenas 15 animais explicam a 
variabilidade genética global actual. Considerando todos os animais, o coeficiente de 
consanguinidade (0.27) e de parentesco médio (0.46) são extremamente elevados. A taxa de 
consanguinidade por geração (5.2%) foi muito superior à definida como máxima pela FAO 
(1%). Aproximadamente 97% dos animais da população actual apresentaram valores de 
consanguinidade superiores a 0.25. Devido às estratégias de conservação implementadas pela 
Associação de Criadores do Cavalo Sorraia, alguns parâmetros têm apresentado melhorias 
recentemente: os nascimentos aumentaram e a consanguinidade e parentesco médios têm 
vindo a estabilizar e, em alguns anos, diminuído. 
Descrevemos morfologicamente dois grupos de garanhões separados por um período de 20 
anos (VELHOS e NOVOS) através de 26 medidas corporais. Procurámos consequências da 
consanguinidade e ocorrência de depressão consanguínea na conformação, avaliando ao 
mesmo tempo o efeito da pelagem e idade nas medidas morfométricas analisadas. Garanhões 
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pertencentes ao grupo VELHOS tiveram em média valores morfométricos mais elevados que 
os NOVOS. A maioria das medidas corporais apresentou coeficientes de variabilidade baixos, 
corroborando a homogeneidade fenotípica deste grupo de animais e da raça. Apesar da 
conformação corporal global ter-se mantido durante o período analisado, verificamos que os 
garanhões Sorraia se tornam menores, excepto no que diz respeito ao tamanho da cabeça. 
Animais NOVOS apresentaram valores mais elevados de consanguinidade e idade. A 
consanguinidade teve impacto significativo e negativo sobre o diâmetro bicostal e perímetro 
torácico no grupo NOVOS. Teve também um efeito positivo significativo na altura do 
curvilhão no grupo NOVOS e na altura ao codilho no grupo VELHOS. A idade correlacionou-
se na maioria com medidas que não possuem suporte ósseo na sua definição. Os garanhões 
rato escuro são mais baixos do que as outras pelagens, embora a maioria dessas diferenças 
não seja estatisticamente significativa. Seria importante usar esta informação como ferramenta 
complementar no actual programa de gestão da raça para garantir que no futuro os animais 
continuarão a seguir o padrão fenotípico da raça descrito no Studbook. 
A caracterização molecular de uma população é importante para a sua conservação pois 
permite determinar a variabilidade genética existente e estabelecer metas de conservação. A 
estimativa de variabilidade genética é geralmente baseada na análise de marcadores 
polimórficos onde os mais utilizados são os microssatélites (ou short tandem repeats - STRs), 
single nucleotide polymorphisms (SNPs) e mais recentemente copy number variations 
(CNVs). Estes marcadores foram usados para determinar a variação genética existente no 
cavalo do Sorraia visando também contribuir para o melhoramento da gestão genética, bem 
como identificar marcadores eficientes para testes de paternidade. Como esperado, loci 
ligados ao cromossoma Y não apresentaram qualquer polimorfismo. Os resultados dos 
microssatélites autossómicos representam uma melhoria em relação aos previamente 
publicados na raça, produto do método de selecção dos marcadores, do maior número de 
STRs analisados e animais genotipados. O número médio de alelos (3.7), HO (0.57), HE (0.59) 
e heterozigotia média individual (0.57) foram baixos. A maioria dos parâmetros analisados 
apresentaram valores melhores na população Alemã que na Portuguesa, demonstrando que 
usar um garanhão por ano por égua é mais eficaz do que apenas um garanhão por ano por 
eguada. Alguns parâmetros como heterozigotia individual e d2 médio melhoraram 
relativamente aos previamente publicados, evidenciando os resultados positivos do plano de 
gestão implementado. Tal como nos STRs, a consanguinidade e heterozigotia individual em 
SNPs foram melhores na Alemanha. Foram detectadas 47 runs of homozygosity (ROHs) em 
11 cromossomas, com uma proporção média de 98.24% sites homozigóticos dentro das 
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regiões identificadas. Apesar do software Structure ter separado as nossas amostras (de 13 
criadores diferentes) em três grupos, a análise factorial de correspondência (STRs) e análise 
de componentes principais (SNPs) separou-as em dois: Portugal e Alemanha. A troca de 
animais entre os dois países deve ser promovida para aumentar a variabilidade genética e 
reduzir a consanguinidade. Os CNVs provaram ser inadequados para avaliar a diversidade 
genética nesta raça altamente consanguínea. Ao descrever a variabilidade genética 
actualmente existente na raça, os dados aqui descritos podem ajudar a aumentar a 
heterozigotia permitindo escolher anualmente a melhor combinação de animais reprodutores.  
Foi usada informação sobre todos os Sorraias de 1937-2010 para estudar os efeitos da 
consanguinidade na viabilidade ao nascimento e aos 6 meses de idade. Foi usada uma 
subamostra para analisar o impacto da consanguinidade na fertilidade de garanhões e éguas, 
intervalos entre partos e idade ao primeiro parto. O efeito da consanguinidade foi significativo 
apenas na fertilidade das éguas (P = 0.003) com 0.8% de redução na fertilidade com um 
aumento de 1% na consanguinidade. A idade da égua teve um efeito quadrático, reduzindo a 
mortalidade dos poldros (tanto ao nascimento como aos seis meses de idade) e aumentando o 
intervalo entre partos com o aumento da idade. A idade ao primeiro parto foi 
significativamente influenciada pela coudelaria. 
Garantir taxas de fertilidade altas é de suma importância para a sobrevivência a longo prazo 
desta raça. Anomalias cromossómicas, particularmente de cromossomas sexuais, têm sido 
associadas a fertilidade reduzida e infertilidade em cavalos. Antes do início deste projecto, 
não havia estudos de avaliação de anomalias cromossómicas em animais com fertilidade 
reduzida nesta raça. O primeiro caso é por nós descrito neste trabalho, uma égua com 
fertilidade reduzida e comportamento de garanhão, com cariótipo mosaico 63, X0 / 64, XX 
(com frequências de 10.45% e 89.55%, respectivamente). A avaliação citogenética de animais 
com fertilidade baixa e/ou fenótipos sexuais ambíguos é necessária de modo a determinar a 
prevalência de anomalias cromossómicas nesta raça. A detecção precoce de animais sub-
férteis é de suma importância para a gestão e conservação desta raça pois permite poupar aos 
criadores tempo, esforço e dinheiro. 
Os garanhões desta raça são conhecidos por terem esperma de má qualidade. Neste estudo 
foram avaliados 11 garanhões fenotipicamente normais mas sub-férteis por cariotipagem, 
hibridação in-situ fluorescente em sémen de cromossomas sexuais e genotipagem do gene 
FKBP6 - um locus de susceptibilidade para a reacção acrossómica reduzida (IAR). Todos os 
garanhões tiveram concentração espermática normal apesar da motilidade progressiva e 
formas morfologicamente normais serem baixas. Todos os animais apresentaram cariótipos 
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normais 64, XY. A maioria do esperma teve conteúdo cromossómico sexual haplóide normal, 
enquanto 11% exibiu vários tipos de aneuploidias. Não foi encontrada correlação entre a 
percentagem de anomalias cromossómicas sexuais no esperma e consanguinidade, formas 
morfologicamente normais ou idade. A sequenciação dos SNPs g.11040315G>A e 
g.11040379C>A do exão 4 do gene FKBP6 mostrou que nenhum Sorraia apresenta o 
genótipo de susceptibilidade IAR (A/A-A/A). Todos os animais têm o mesmo genótipo G/G-
A/A, corroborando a baixa variabilidade genética da raça. As nossas descobertas descartaram 
as anomalias cromossómicas e predisposição genética para IAR como factores que 
contribuem para a sub-fertilidade dos garanhões Sorraia analisados. No entanto, a sua baixa 
fertilidade pode ser parcialmente atribuída à maior percentagem de aneuploidias de 
cromossomas sexuais presentes no esperma destes animais. 
Apesar de a consanguinidade não ter efeitos nefastos na maioria dos parâmetros analisados 
até à data, os níveis de consanguinidade devem continuar a ser monitorizados e controlados e 
a realização de estudos sobre depressão consanguínea permanecem pertinentes e 
incontornáveis para a conservação e sustentabilidade desta raça. É também importante que as 
medidas de gestão adequadas continuem a ser implementadas e melhoradas para preservar a 
diversidade genética existente. 
Esperamos que os resultados obtidos neste trabalho ajudem no melhoramento genético e 
preservação da variabilidade genética desta raça extremamente rara e primitiva. Esperamos 
que este contributo ajude a prevenir a extinção deste recurso genético animal tão importante e 
icónico. 
 
Palavras-chave: Cavalo Sorraia; Conservação; Variabilidade genética; Depressão 
consanguínea; Fertilidade; Citogenética 
  	
 XI 
 
 
 
 
 
 
 
 
Abstract 
 
  
Abstract 
XII 
 
The Sorraia horse is a primitive breed and regarded as a universal equine genetic resource. 
Recovered in 1937 in Font’Alva from 12 founder animals it has been managed as a closed 
population since. There are presently 10 Portuguese and eight German breeders. With only 
~150 breeding mares and ~350 animals worldwide, the Sorraia horse population is in critical 
risk status. The Sorraia is known for low genetic variability, bad sperm quality, and high 
inbreeding (mean=0.38) that far exceeds those reported in other horse breeds. 
The information available in the Sorraia Studbook was used to study genetic variability, 
demographic structure and status of the extant population. Only 7.46 effective founders and 4 
effective ancestors characterize the living population, with only 15 animals explaining its 
overall genetic variability. Inbreeding and average relatedness were extremely high. 
Inbreeding by generation rate (5.2%) far exceeded that defined by FAO as maximum (1%). In 
the living population, approximately 97% of the animals had inbreeding values above 0.25. 
Recently, conservation strategies from the Sorraia Breeders Association have improved some 
of these parameters: births have increased and average inbreeding and relatedness have 
stabilized and, in some years, even decreased. 
We morphologically described two 20-years-apart Sorraia stallions groups (OLD & NEW) 
based on 26 body measurements. Most body measurements showed low variability 
coefficients, attesting to the breed’s (and this group’s) phenotypic homogeneity. Although 
overall body conformation ratio has not changed, we found that Sorraia stallions have become 
smaller, except for head size. Inbreeding had a significant negative impact on thoracic width 
and chest circumference in NEW. Yellow dun horses were taller and longer than mouse dun 
ones. Dark mouse dun horses appeared shorter than the other coat colours. This data should 
be used as a complementary tool in the current management breeding program. 
We used STRs, SNPs and CNVs to evaluate the genetic variation in the Sorraia horse and 
improve genetic management, and looked for efficient markers for parentage testing. Y-linked 
loci had no polymorphism. Average number of alleles, HO, HE and mean individual 
heterozygosity were low. Most analysed parameters were better in the German rather than 
Portuguese population. There were 47 runs of homozygosity regions. Although Structure 
analysis separated our samples from 13 different breeders in three clusters, FCA (with STRs) 
and PCA (with SNPs) analysis separated them in two groups: Portugal and Germany. 
Interchange between countries should be promoted to increase genetic variability and reduce 
inbreeding. Copy number variations proved to be unsuitable to assess genetic diversity in this 
highly inbred breed. The genome-wide data described herein can help increase heterozygosity 
by choosing yearly the right combination of sires and mares for reproduction.  
Abstract 
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Data on all Sorraia horses from 1937 until the end of 2010 were used to study inbreeding 
effects on offspring’s viability at birth and at 6 months of age. A sub-sample was used to 
analyse inbreeding impact on stallion and mare fertility rates, foaling intervals and age at first 
parturition. Inbreeding effect on analysed traits was only significant for mare fertility 
(P=0.003), with a 0.8% decrease fertility by 1% increase in inbreeding. Age of the mare had a 
quadratic effect, reducing foal mortality (both at birth and at six months of age) and 
increasing foaling interval with increasing age. Age at first parturition was significantly 
influenced by stud farm. 
Chromosomal abnormalities, particularly of sex chromosomes, have been associated with 
reduced fertility and infertility in horses. We describe the first case of chromosomal 
abnormalities in this breed: a sub fertile mare with reduced fertility and stallion-like 
behaviour with mosaic 63,X0/64,XX karyotype (10.45% and 89.55% frequency, 
respectively). Early detection of sub fertile animals is of paramount importance for the 
management and conservation of this breed, saving breeder’s time, efforts and money. 
Eleven phenotypically normal but sub-fertile stallions were studied by karyotyping, sex 
chromosome sperm-FISH and FKBP6 analysis – a susceptibility locus for impaired acrosome 
reaction (IAR). All karyotypes were normal 64,XY. Most sperm had normal haploid sex 
chromosome content, while 11% carried various sex chromosome aneuploidies. There was no 
correlation between the percentage of sperm sex chromosome abnormalities and inbreeding, 
sperm morphology or age. All animals had G/G-A/A genotype, corroborating this breed’s low 
genetic variability. Our findings ruled out chromosomal abnormalities and genetic 
predisposition for IAR as contributing factors for subfertility in the analysed Sorraia stallions. 
However, their low fertility could be partially attributed to higher rate of sperm sex 
chromosome aneuploidies. 
Even though inbreeding hasn’t had alarming effects on the majority of traits analysed, 
inbreeding should continue to be controlled and inbreeding depression studies remain vital for 
the long-term conservation and sustainability of this breed. These results will help improve 
genetic health and preserve the genetic variability of this extremely rare and primitive horse 
breed. With this work we hope to help prevent the permanent loss of this iconic and important 
animal genetic resource. 
 
Keywords: Sorraia horse; Conservation; Genetic variability; Inbreeding Depression; Fertility; 
Cytogenetics 	
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1.1 The Sorraia horse breed 
 
The bond between horses and humans goes back in time longer than there have been 
records. Humans have always been amazed by these remarkable creatures and their 
success greatly benefited from this bond.  
The Equus lineage from which all modern horses, zebras and donkeys originated is 
said to have appeared 4.0-4.5 million years before present (Orlando et al. 2013). 
Domestication of horses in Europe is thought to have taken place during the Holocene 
in the Eastern steppes and the Iberian Peninsula (Warmuth et al. 2011). The Sorraia-
type horse was surely one of the earliest domesticated horses, since it has been present 
in the Iberian Peninsula since early Pleistocene, and has been known to be used for 
travel, labour and companionship (Oom et al. 2004; Oom 2006). 
The Sorraia horse (Figure 1), as well as all other domestic horse breeds, belongs to 
the species Equus caballus Linnaeus, 1758 (e.g. Bennett and Hoffmann (1999)). The 
breed finds its origins in a primitive equine type and has been described as one of the 
four ancestral horse types of the current domestic breeds, with a continuous presence in 
the Iberian Peninsula since early Pleistocene (Gonzaga 2004). It can be considered as a 
representative of the ancestor of Iberian saddle horses (Andrade 1945; Oom et al. 2004) 
- the Lusitano and Andalusian - and has also been involved in the foundation of several 
New World horse breeds (Andrade 1945; Bouman 1989; Luis et al. 2006). 
While hunting in the Sorraia river valley Dr. Ruy d'Andrade, the breed’s founder, 
found a herd of grazing horses and he realized that they resembled the ones portrayed in 
cave paintings from Southern Iberian Peninsula (e.g. Altamira) and France (e.g. 
Lascaux) dating back to the Palaeolithic (Andrade 1926, 1937, 1945, 1954) (Figure 1). 
A few years later, in 1937, Dr. Ruy d’Andrade bought a few horses with this primitive 
phenotype and started the Sorraia Horse breed, at Agolada Farm (Ribatejo), named after 
the river basin in which he had seen this equine type for the first time in Portugal. The 
breed was established from 7 mares (one pregnant with a colt) and 3 stallions, plus an 
additional stallion brought from Argentina in 1948, and has been managed as a closed 
population since its foundation (Oom et al. 2004). 
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Figure 1 - (A) Dr. Ruy d’ Andrade with a Sorraia mare in 1960; (B) cave paintings in Spain 
(Andrade 1954); (C) Drawings of Sorraia mare and Sorraia mare with foal (Andrade 1926). 
 
As a primitive breed, these horses are built to endure and survive in harsh conditions 
(Oom et al. 2004). They also possess primitive traits such as yellow or mouse dun coat 
colour (Figure 2A), black dorsal and axial stripe (the latter less frequent) (Figure 2B, C), 
leg barring (zebra markings on front and hind legs) (Figure 2D, E), face masks and dark 
ear tips (Figure 2F), and mane and tail frosting (Figure 2B, H) (Andrade 1945; Oom et 
al. 2004). 
Due to Portugal’s political circumstances at the time, the Andrade herd was turned 
over to the National Stud Farm in 1975, in Alter do Chão (Alentejo), under the 
supervision of the Portuguese Government. The herd was later returned to the Andrade 
family, at Font’Alva Farm (Alentejo), which offered two colts and two fillies to the 
National Stud Farm starting a new subpopulation there, isolated until 2001 (Oom et al. 
2004). In 1976, three mares and three stallions were sold to Germany, with no further 
addition until recently (Oom et al. 2004; Luis et al. 2007a), starting an important 
Sorraia breeding farm abroad. The third Portuguese Sorraia nucleus was established in 
1985 with four mares sold to Quinta da Boavista (Ribatejo). After the death of Engº 
Fernando Sommer d’Andrade (son of Dr. Ruy d’Andrade) the Font’Alva nucleus was 
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subdivided between heirs, with the biggest herd remaining in the founder stud farm 
(Font’Alva) (Oom et al. 2004; Oom 2006) (Figure 3). 
 
  
Figure 2 - Physical primitive characteristics of the Sorraia horse: yellow dun or mouse dun coat 
colour (A), black dorsal (B) and axial stripe (C), leg barring on front (E) and hind legs(F), face 
masks and dark ear tips (G), and mane and tail frosting (H). 
 
There are currently ten breeders in Portugal and eight in Germany (Figure 3). There 
are also a few Sorraia horses in Spain, France, Belgium, Denmark, Brazil, Mexico, 
Canada and USA, though only a few have produced Sorraia offspring so far. In fact, for 
example, in 2000-2001 two stallions were sold to the USA to two separate owners. In 
Nature's Baroques Farm (Eagle Creek - Oregon) one of the stallions was bred to local 
mares and has had offspring registered in several studbooks since 2003 (Oom 2006). In 
2006 a pregnant mare was bought by a Brazilian breeder (Coudelaria Verde Prado, 
Monte Alegre do Sul - São Paulo) and has since given birth to one foal. Artificial 
insemination with shipped semen from Portugal has been attempted but so far 
unsuccessfully. 
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Figure 3 - Geographic distribution of Portuguese (left) and German (right) Sorraia horse 
breeders. Breeder legends are underneath the respective map. *Stud farms that no longer breed 
Sorraia horses. 
 
A breed’s phenotypic characterization is one of the most important and basic 
information in Animal Genetic Resources (AnGR) Conservation Management Programs 
(Melo et al. 2011), complementing historical and genetic information. By establishing 
the basis for which to start management breeding programs (FAO 2012), this 
characterization is fundamental for the establishment of AnGR national inventories and 
effective monitoring of these populations. Morphometric measurements also establish 
realistic breed morphological status and define their deviation from the breed standard 
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throughout generations. Sorraia morphology was studied by Oom (1992) and compared 
to that of the Lusitano and the Garrano. With stallion average withers height of 148cm 
(Oom 1992; Oom et al. 2004) the Sorraia is shorter than the Lusitano, with an average 
of 160cm for that morphometric characteristic (Oom & Ferreira 1987; Oom 1992; Solé 
et al. 2013; Vicente et al. 2014a) and taller than both the Garrano, with 130cm (Oom 
1992; Santos & Ferreira 2012), and the Terceira Pony, with 128cm (Lopes et al. 2015), 
all of them autochthonous horse breeds from Portugal. FEI regulations (FEI 2014) 
regard Sorraias as ponies, but the Sorraia Breeders Association consider them as “small 
horses” (Oom et al. 2004), a fact that was demonstrated by molecular genetics as they 
clustered with standard-sized horses (Andalusian and Lusitano) instead of Iberian pony 
breeds, like the Garrano (Luis et al. 2007b).  
 
 
Figure 4- Age pyramid of the current Sorraia horse population (n=434). 
 
Only about 400 Sorraia horses exist worldwide and less than 150 of them are 
breeding females (Figure 4). Comparing to the other Portuguese breeds, this value is 
much lower than the Lusitano, with ~5000 (Vicente et al. 2012), and the Garrano, with 
~1400 (Santos & Ferreira 2012), but higher than the Terceira pony, with roughly only 
100 animals in total (Lopes et al. 2015). These low numbers correspond to a critical 
maintained risk status population according to FAO criteria (FAO 2015). In addition to 
this, it is also listed as “in danger of extinction” by the Portuguese Government 
(PDR2020 2014), requiring a conservation-breeding plan for the establishment of a 
long-term self-sustaining population. This management has been done by the Sorraia 
Breeders Association, advising the breeders in the management of their individual 
herds, e.g. by choosing the most suitable stallion, from a genetic point of view, for their 
breeding mares and by promoting the rotation of stallions between stud farms.  
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Very often, Sorraias have shown lower breeding performance with in-hand mating. In 
Portugal, mares are managed extensively in most of the stud farms, and only one 
stallion is turned into the pasture during a breeding season (usually February to June) 
per year, whereas in Germany frequently one stallion is chosen per mare, per year (Oom 
et al. 2004). This strategy, whenever possible, is being followed by Portuguese 
breeders, namely those with only a few breeding mares and with in-hand mating 
practice. Mares first reproduce at 4 years and 11 months and stallions at 4 years and 6 
months, with wider fertility peaks in the former than the latter (4 to 16 years versus 10 
to 14 years, respectively) (Kjöllerström 2005), and also wider than in other breeds (4.2 
in Lusitano mares and stallions and 5.2 years for Pura Raza Española mares) (Valera et 
al. 2000).  
Inbreeding and mean kinship coefficients were calculated in SPARKS (ISIS 2011) 
and PM2000 (Ballou et al. 2002) by the additive relationship matrix (Ballou 1983) with 
the available complete pedigrees. Minimizing mean kinship (mK) is routinely used in 
zoo populations as it is the most effective way to establish an effective genetic 
management plan (Frankham et al. 2004). A description of analysed parameters is given 
in the end of this dissertation as a Glossary. 
 
 
Figure 5 - Evolution of mean inbreeding coefficient, F (A) and genetic diversity (B) since the 
breed’s foundation (1937) (n=837). 
 
Inbreeding coefficient (F) is defined as the probability that two alleles at a locus are 
identical by descent, resulting from the mating of kin (Lacy 2000; Frankham et al. 
2002). Inbreeding is unavoidable in small closed populations and with time all 
individuals become related by descent, as in the Sorraia horse breed. Due to the small 
number of founders, reduced effective population size and complete genetic isolation, 
inbreeding has increased to extremely high values (Kjöllerström 2005; Luis et al. 
2007a) (Figure 5A) and genetic diversity has decreased (Figure 5B). Average 
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inbreeding coefficient, calculated from complete pedigrees back to the founders 
(N=434), is 0.38, ranging from 0.22 to 0.60 (Figure 5A and 6), genetic diversity is 0.65, 
0.35 mean kinship, 1.43 founder genome equivalents (with a potential of reaching 2.60) 
and only 10 founders are currently represented, which means the contribution from two 
founders has been lost. The effective population size (Ne) is 11.62 over the past 8.41 
generations, current Ne is 136.31 and Ne/N ratio is 0.28. 
Sorraia inbreeding values (0.38) greatly exceed that of other horse breeds: 0.992 in 
Lusitano (Vicente et al. 2014b), 0.0065 in Garrano (Cipriano 2007), 0.082 in 
Andalusian (Gómez et al. 2009), 0.10 in Lipizzaner (Curik 2003), 0.13 in Thoroughbred 
(Cunningham et al. 2001), 0.10 in Finnish Standardbred Trotter and 0.004 in Finnhorse 
(Sairanen et al. 2009). The endangered Przewalski horse, recovered from only 13 
founders, has an average inbreeding coefficient of 0.14 (Der Sarkissian et al. 2015), 
much lower than the Sorraia.  
 
Figure 6 - Histogram of inbreeding coefficients (F) of the Sorraia horse population (n=434). 
 
All Sorraia horses are registered in the Sorraia Horse Studbook, officially recognized 
by the Portuguese Minister of Agriculture, Fisheries and Forestry on January 12th 2005, 
who delivered to the Sorraia Breeders Association its maintenance and management 
(Oom et al. 2004). The Studbook registries are kept up-to-date in the official Equine 
National Registry, with new information regarding births, deaths and transfers. All 
information is also entered in SPARKS v1.5 software (ISIS 2011), specially designed 
for compiling and analysing Studbook data from zoo populations. It is important to 
mention that all animals undergo a mandatory parentage testing analysis with an 
extended microsatellite panel (due to reduced genetic variation) before their registration 
in the Sorraia Studbook (Oom et al. 2004). The general characteristics of the animals 
registered in the Studbook also need to be in agreement with the breed’s official 
standard (Oom et al. 2004).   
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1.2 Genetic variability 
 
1.2.1 Pedigree analysis 
 
As mentioned before, all Sorraia horses that pass parentage testing confirming 
declared genealogy are registered in the Studbook (Oom et al. 2004). All Studbook data 
was entered, in 2004, in a software specially designed for the management of 
endangered captive breeding populations: SPARKS v1.5 (ISIS 2011). This allowed the 
genetic and demographic analysis of the population in a way not possible before 
(Kjöllerström 2005). SPARKS is a very powerful tool for Studbook keeping that allows 
basic genetic and demographic analysis (GENES and DEMOG), as well as for genetic 
and demographic data export to other software for more detailed studies: PM2000 
(Ballou et al. 2002). For pedigree analysis to be as accurate and reliable as possible it is 
important that the most complete information on each individual is included. 
Pedigree completeness affects the outcome of inbreeding depression (Smith et al. 
1998), by underestimating inbreeding coefficient values, so that, in order for 
conservation programs to be successful, pedigrees must be as complete as possible and 
not have missing data of ancestors (Oliehoek & Bijma 2009). Pedigree registration, 
such as in herd books, should record the status of animals with missing parents (e.g. 
founder or non-founder) (Oliehoek & Bijma 2009). For these reasons the availability of 
complete pedigrees tracing back to the founders in the Sorraia horse, some of them with 
12 complete generations (Oom et al. 2004), is an asset and makes this breed a perfect 
candidate for studies regarding demographic, genetic and inbreeding evolution, as well 
as for the evaluation of management breeding strategies. 
The following data was entered for each animal: Studbook number, sire name, sire 
Studbook number, dam name, dam Studbook number, place of birth, date of birth, 
name, breeder, coat colour, sex and other information considered relevant for 
management (e.g. if the animal was castrated or if it is part of the living population to be 
managed) (Oom et al. 2004; Kjöllerström 2005) (Figure 7). Death and transfer 
information data were inserted whenever available. These data were complemented with 
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information gathered throughout the years by Prof. Maria do Mar Oom, namely 
regarding still births and abortions, data that were not usually reported by the breeders. 
 
 
Figure 7 - Example of a Sorraia Studbook entry screen in SPARKS software. 
 
Pedigree information has been used to assess genetic variability in the Lusitano 
(Vicente et al. 2012), Andalusian (Valera et al. 2005), Spanish Arab (Cervantes et al. 
2008), Lipizzan (Zechner et al. 2002), German Paint (Siderits et al. 2013), Holstein 
(Roos et al. 2015), Old Kladruber (Vostrá-Vydrová et al. 2016) and in the Assateague 
Island wild horses (Eggert et al. 2010). In some of these cases, population structure was 
also analysed. In the Sorraia, pedigree analysis was previously used to determine current 
genetic and demographic status in 2005 (Kjöllerström 2005). Pedigree data has also 
been used to analyse the effects of inbreeding depression on fitness related traits 
(Kalinowski et al. 2000; Kalinowski & Hedrick 2001; Carolino & Gama 2008; Santana 
et al. 2012).Pedigree analyses are very important in conservation programs. Outlined 
goals are typically to preserve 90% of the genetic variability over 100 years, reduce drift 
effects, minimise founder effects, and minimise inbreeding by breeding genetically 
significant and/or remotely related individuals with the lowest mean kinship values 
(Frankham et al. 2002; Guerier et al. 2012). This analysis allowed us to calculate the 
following parameters: average relatedness coefficient (AR), effective number of 
ancestors (fa), inbreeding (F), increase in inbreeding per generation, individual increase 
in inbreeding (ΔFi), founder genome equivalents (fge) and mean kinship (mk) (see 
Glossary and Paper 1 for detailed descriptions). 
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1.2.3 Molecular analysis 
 
The morphological characterization of a breed is very important to establish its 
standard, but molecular characterization is also of paramount importance in 
conservation programmes as it allows for the quantification of extant genetic variability 
and conservation goals to maintain intra and inter-breed variability (Frankham et al. 
2002; Toro et al. 2009). This is also true for the Sorraia horse population and was one of 
the main goals of this study. 
The nuclear genome of horses is roughly 2.7 Mb in size, packaged into 31 pairs of 
autosomes and a single pair of sex chromosomes (2N=64) (Chowdhary 2013). Several 
molecular markers are available (Frankham et al. 2002; Reece 2004) and have been 
used in horse research (Bowling & Ruvinsky 2000; Swinburne & Lindgren 2013) such 
as allozymes, mitochondrial DNA (mtDNA), minisatellites, microsatellites (short 
tandem repeats, STRs, or simple sequence repeats, SSRs), variable number tandem 
repeats (VNTRs), random amplified polymorphic DNA (RAPDs), amplified fragment 
length polymorphism (AFLPs), restriction fragment length polymorphism (RFLPs), 
single nucleotide polymorphisms (SNPs), copy number variants (CNVs) and, most 
recently, DNA sequencing. These markers have been of paramount importance in 
disentangling the genetic background of simple and complex inherited diseases as well 
as multigenetic traits, all of which relevant to the health and welfare of horses 
(Bannasch 2008; Chowdhary & Raudsepp 2008).  
Previous studies have revealed the low genetic variation of the Sorraia breed by 
analysing microsatellites (Luís et al. 2002b; Luis et al. 2007a; Luis et al. 2007b), 
proteins (Luis et al. 2007b), major histocompatibility complex (Luis et al. 2005), 
mitochondrial DNA (Luís et al. 2002a; Luis et al. 2006) and pedigree analysis 
(Kjöllerström 2005). 
Microsatellites are short tandem repeat (STRs) sequences of a 1-6 bp motif (normally 
10 to 30 repeats), randomly distributed throughout the genome of most species and 
whose function is yet unknown (Frankham et al. 2002; Reece 2004; Allendorf et al. 
2012). They are highly polymorphic and highly informative, co-dominantly inherited 
and mostly located in non-coding regions, thus selectively neutral (Frankham et al. 
2002; Reece 2004; Schaid et al. 2004; Allendorf et al. 2012). High polymorphism is 
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mainly due to high mutation rates (about 10-4 per generation), resulting in higher 
heterozygosity and allelic diversity than in other types of markers such as allozymes 
(Allendorf et al. 2012), making them suitable for intra and inter-breed genetic diversity 
studies (Toro et al. 2009). Sampling can be non-invasive and amplification can be done 
by PCR reaction from small amounts of DNA from different tissues (blood, hair, scat, 
skin, etc.) making STRs particularly useful in conservation genetic studies of 
endangered species (e.g. Frankham et al. (2002); Toro et al. (2009)). Adding to 
previous advantages, STRs can be multiplexed allowing for several loci to be genotyped 
simultaneously for many individuals, making them extremely cost-efficient and thus 
markers of choice in many studies (Allendorf et al. 2012; Swinburne & Lindgren 2013). 
There are some disadvantages in using STRs such as null alleles resulting from 
nucleotide substitutions on primer binding sites, leading to PCR amplification errors, 
homoplasy due to high mutation rates and primers species specificity (Allendorf et al. 
2012). 
These markers have been extensively used in parentage testing as well as in genetic 
diversity, population structure, conservation, evolutionary and domestication studies in 
several species (Takezaki & Nei 1996; Frankham et al. 2002; Guerier et al. 2012; 
Putman & Carbone 2014; Bruford et al. 2015) namely in horses (Bowling 2001; Bodó 
et al. 2005; Luis et al. 2007b; Leroy et al. 2009; Warmuth et al. 2011; Penedo & 
Raudsepp 2013; Warmuth et al. 2013). Ellegren et al. (1992) identified the first 
microsatellites in the horse genome and the first STR parentage testing panel was 
established by Bowling et al. (1997). 
Single nucleotide polymorphisms (SNPs) are the most common form of genetic 
variation between individuals, mostly bi-allelic, located in both coding and non-coding 
regions of the genome (Reece 2004; Toro et al. 2009; Allendorf et al. 2012). Mutation 
rate is lower than in STRs, usually of about 10-3 nucleotide change per generation 
(Allendorf et al. 2012). They are useful for genetic variation estimation, parentage 
testing, and population structure studies (Höglund 2009; Allendorf et al. 2012).  
SNP genotyping Beadchips are available for several species (Geneseek®), including 
horses (McCue & Mickelson 2013). The Ilumina 70k-Equine SNP chip used in this 
study was derived from the EquCab2.0 SNP collection, covering the entire genome with 
over 65,000 evenly distributed SNPs (Geneseek®).The availability of these SNP chips 
enables the identification of genes and polymorphisms potentially linked to traits of 
interest. Although the Ilumina 70k-Equine SNP and Affymetrix Axiom® Equine 670K 
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Genotyping Array (Axiom MNEC670) are commercially available, most published 
studies have been done using the previous 50K-Equine SNP chip (McCue & Mickelson 
2013). Some of these studies involved genome-wide association mapping of simple and 
complex traits (Orr et al. 2010; Raudsepp et al. 2012; McCue & Mickelson 2013), 
resolving the relationship between equine breeds and studying their genetic diversity 
(McCue et al. 2012; Petersen et al. 2013), or screening for chromosomal abnormalities 
(Holl et al. 2013).  
 
 
Figure 8 - Relative popularity of molecular markers in conservation genetics. Each time point 
(horizontal axis) has the corresponding proportion of molecular markers used (vertical axis) 
(Allendorf et al. 2012).  
 
In recent years, SNPs have begun to replace STRs (Figure 8) due to fast and efficient 
genotyping, lower error rate, ease of standardization between laboratories, and short size 
so that they can be amplified from fragments less than 50bp long (very useful in studies 
of degraded DNA such as ancient DNA or forensics) (Allendorf et al. 2012; Swinburne 
& Lindgren 2013). Nevertheless, as SNPs are mostly bi-allelic and less informative than 
STRs, significantly more SNPs are needed to achieve similar levels of information of 
STRs (Schaid et al. 2004). Another drawback is that SNPs demand high informatics 
capabilities (Schaid et al. 2004). 
Copy number variants (CNVs) are common attributes of vertebrate genomes and 
significant sources of genetic variability (Fontanesi et al. 2010; Gurgul et al. 2014). 
Consisting of insertions, deletions, duplications and other complex rearrangements such 
as translocations or inversions, they result in structural differences between genomes 
(Alkan et al. 2011; Cantsilieris & White 2013; Ghosh et al. 2014b). Located on coding 
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or non-coding regions of the genome, they can potentially be non-neutral markers 
(Gurgul et al. 2014). Typically varying in size between 50 base-pairs to several 
megabase-pairs, they contribute to phenotypic diversity but can also be disease-
associated (Fontanesi et al. 2010; Ghosh et al. 2014b). Copy number variants studies 
are based on whole-genome genotyping (using different next generation sequencing 
(NGS) technologies)) or on specially designed microarrays (Gurgul et al. 2014). In 
2011, a horse whole genome oligonucleotide tiling array became available for the horse 
(Qu et al. 2011), being the first high resolution tool for CNV discovery (Raudsepp & 
Chowdhary 2013). It comprises over 400,000 probes, of which 82,354 are located on 
exons, 519 on the Y chromosome, and 26,790 probes on subtelomeric regions 
(Raudsepp & Chowdhary 2013). In livestock, CNVs have been used to research disease 
susceptibility, developmental disorders and morphological traits (Gurgul et al. 2014). In 
horses, a few studies described horse-specific CNVs (Doan et al. 2012a; Doan et al. 
2012b; Ghosh et al. 2014b; Wang et al. 2014) and one linked CNVs to horse body size 
(Metzger et al. 2013). Other studies in horses looked into the genetic background of 
diseases with economic relevance to the equine industry such as: melanomas 
(Sundstrom et al. 2012); recurrent laryngeal neuropathy (Dupuis et al. 2013); 
Rhodococcus equi susceptibility (McQueen et al. 2014), cryptorchidism (Ghosh et al. 
2014a); recurrent airway obstruction (Ghosh et al. 2016). In our study, we used this tool 
for genetic variability analysis and not for complex traits or genetic disorders 
association. 
Low resolution of detection platforms hinders the detection of small CNVs (Gurgul et 
al. 2014). In addition, the use of different platforms makes it difficult to compare results 
between studies making alternative confirmation methods essential (Cantsilieris & 
White 2013). In order to increase confidence in copy number data, bias should be 
identified and minimized as copy number variations results can be affected, for 
example, by sample quality and assay choice (Cantsilieris & White 2013). Also, if no 
platform or genome assembly are available, cross-species analysis will be necessary, 
potentially compromising CNV detection and sensitivity (Fontanesi et al. 2010). Due to 
lesser bias, the ability to detect higher number of CNVs per experiment and 
appropriateness to any species, high-throughput NGS methods, some with longer reads, 
can counter the above mentioned drawbacks (Gurgul et al. 2014). However, these 
methods call for high computational resources and technical issues can also negatively 
impact the results (Alkan et al. 2011). 
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Single nucleotide polymorphisms (SNPs) and copy number variants (CNVs) are 
useful in disentangling the effects of history and demography from natural selection in a 
genome-wide fashion, but are also valuable in determining the genetic variation within 
and between populations (Allendorf et al. 2012). Both SNPs and CNVs have been 
described in the horse (Doan et al. 2012a; McCue et al. 2012; McCue & Mickelson 
2013; Petersen et al. 2013; Ghosh et al. 2014b). Both can be located in coding regions 
of the genome and are thus non-neutral markers (Reece 2004; Allendorf et al. 2012). 
Mutations in these markers may change the amino-acid sequence or change gene 
expression, impairing protein function and reducing fitness (Reece 2004; Allendorf et 
al. 2012). 
Although molecular variability has been described in the Sorraia horse before, we 
propose to combine three different methodologies, as well as using SNPs and CNVs for 
the first time. We hope to provide a better understanding of the remaining genome-wide 
genetic variability of this extremely endangered breed, while simultaneously providing 
new and more variable markers than those currently used in parentage testing and that 
are fixed in this population. We expect these results will aid the management breeding 
programme implemented by the Sorraia Breeders Association and help preserve this 
critically endangered and iconic animal genetic resource.  
Using microsatellites, single nucleotide polymorphisms and copy number variants 
gave us an understanding of the extant genome-wide variability of this extremely 
endangered breed. All of these markers have been previously described in horses in 
studies of genetic variability, diseases, and evolution.  
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1.3 Reproductive fitness and inbreeding 
 
By increasing homozygosity from the mating of kin, inbreeding exposes recessive 
deleterious alleles and might cause reduced fitness, also known as inbreeding 
depression (Lacy 2000; Frankham et al. 2002; Charpentier et al. 2007; Charlesworth & 
Willis 2009; Leroy 2014). Some studies reported no evidence of these recessive 
deleterious alleles, suggesting their purging from the genetic pool, although this purging 
could still have an impact in the viability of small inbred populations through 
inbreeding depression (Charpentier et al. 2007). Inbreeding depression affects different 
aspects of biological systems and is of paramount importance in the conservation of 
small isolated natural or captive populations as the Sorraia horse. 
Domestic or wild animals have been subjected to inbreeding depression for a long 
time, particularly evident on fitness related traits such as growth, birth weight and 
juvenile survival (Swiger et al. 1961; Ralls et al. 1979; Mc Parland et al. 2007; Santana 
et al. 2012). According to Ralls et al. (1979), inbreeding lowered survival on 41 out of 
44 species of ungulates, including horses. If animals survive until adulthood, inbreeding 
depression might reduce survival, growth rate, fertility, ability to mate, fecundity and 
lead to insufficient parental care (Ryan et al. 2002; Charlesworth & Willis 2009; Collins 
et al. 2012). Santana et al. (2012) showed that animals from Brazilian cattle breeds 
could support about 20% of inbreeding before showing inbreeding depression effects on 
some traits, although in other traits even a very small inbreeding level (1.9%) had 
negative impacts. Hip height in Nellore cattle is negatively influenced by inbreeding 
(Santana et al. 2010) and, in general, highly inbred animals have been shown to be 
smaller and narrower than non-inbred ones (Smith et al. 1998; Croquet et al. 2006).  
Inbreeding depression on morphological traits in horses has been reported in the 
Italian Haflinger (Gandini et al. 1992), Spanish Purebred (Gómez et al. 2009) and 
Lusitano (Oom 1992; Vicente et al. 2014b). Pedigree information has been used to 
assess the effects of inbreeding depression on fitness related traits (Kalinowski et al. 
2000; Kalinowski & Hedrick 2001; Carolino & Gama 2008; Santana et al. 2012).  
Despite extremely high inbreeding, little is known about inbreeding depression in 
Sorraia horses. It is relevant to determine the effect such a high inbreeding level might 
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have on the population’s fitness, looking for the likely causes of the low fertility and 
viability observed, namely by investigating the relationships between offspring and 
parental inbreeding coefficients and the viability of new-borns, fertility, foaling 
intervals and age at first parturition. This should give a better understanding of the 
consequences of inbreeding in the Sorraia horse breed and provide a base for a 
management-breeding program that will establish a long-term self-sustaining 
population. Pariacote et al. (1998) suggested that selection through management 
breeding programs could mitigate the negative effects of inbreeding depression, so only 
by implementing an updated breeding strategy will the preservation of this extremely 
important and critically endangered animal genetic resource be possible. 
As pedigree completeness influences the results and effects of inbreeding depression 
(Smith et al. 1998), and due to its extremely high inbreeding levels already discussed 
above, the Sorraia horse is an excellent model to study this subject as all animals have 
complete pedigree information tracing back to the founders, some with 12 complete 
generations (Oom et al. 2004).  
As mentioned before, horses have 64 well characterized metacentric, sub-metacentric 
or acrocentric (ISCNH 1997) chromosomes (2N=64), grouped into 31 pairs of 
autosomes and a single pair of sex chromosomes (two X chromosomes in mares; one X 
and one Y in stallions) (Chowdhary 2013). Cytogenetic research in horses has shown 
that chromosomal abnormalities are frequently associated to infertility/subfertility, 
repeated early embryonic death, abortion and stillbirth, although occasional pregnancies 
may occur (Breen et al. 1997; Chowdhary & Raudsepp 2000; Bugno et al. 2008; Lear & 
Bailey 2008). Mares that only produce few offspring during their life-time should be 
considered potential chromosome aberrations carriers (Lear & Bailey 2008; Vanderwall 
2008), as generating offspring does not exclude chromosomal abnormalities. Most 
mares with sex chromosome abnormalities have normal phenotypes, requiring 
karyotyping for definitive diagnosis. The most common chromosomal abnormality in 
horses is X monosomy (63,X0) (Payne et al. 1968), representing over 50% of all 
reported abnormalities (Bugno et al. 2001). The second most common in infertile mares 
is XY sex reversal, followed by XX sex reversal, mosaicism, chromosomal 
rearrangements, the rarest being XXX trisomy (Lear & Bailey 2008). Chromosomal 
mosaicism is the presence of two or more chromosomally distinct cell lines in an 
individual and accounts for about 30% of horse chromosomal abnormalities (Lear & 
Bailey 2008). However, chromosomal abnormalities are only a small part of the causes 
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of reduced fertility or infertility in horses and the underlying genetic causes remain 
unclear (Raudsepp et al. 2013). Cytogenetic analyses, even conventional ones, have 
never been performed in the Sorraia breed, despite several identified cases of infertility 
and subfertility.  
Stallion fertility is a complex trait regulated by several factors such as: 
environmental, physiological, behavioural, epigenetic and genetic (Raudsepp et al. 
2013). There is little knowledge regarding genetic factors and mainly limited to 
chromosomal aberrations. As for mares, stallions with balanced translocations can be 
sub fertile because of affected spermatogenesis that can reduce embryo viability, but 
still have an overall normal phenotype (Raudsepp et al. 2013; Raudsepp & Chowdhary 
2016). Conventional karyotyping is thus one of the first steps in evaluating their genetic 
health (Durkin et al. 2011). Additionally, sperm’s chromosome complement can be 
quickly assessed directly on decondensed sperm heads by fluorescence in situ 
hybridization (FISH). This sperm-FISH method was developed initially for humans 
(Wyrobek et al. 1990) but is now a cutting-edge technique for detecting meiotic 
chromosome defects in domestic species sperm (Raudsepp & Chowdhary 2016). It has 
been optimized for stallion sperm (Bugno-Poniewierska et al. 2009) and used for the 
study of sex chromosome aneuploidies in reproductively normal stallions (Bugno et al. 
2010) and to evaluate the correlation between stallion age and rate of chromosome 
abnormalities (Bugno-Poniewierska et al. 2011; Bugno-Poniewierska et al. 2014). To 
the best of our knowledge there have been no sperm-FISH studies on sub fertile or 
infertile stallions so far, including the Sorraia horse. 
Equine reproduction is a very complex field where little is known regarding the part 
that chromosomal structural rearrangements, CNVs, gene expression regulation, and 
epigenetic mechanisms have in in fertility (Raudsepp et al. 2013). With samples with 
well-defined phenotypes, the new genomic tools bring high hopes of detecting what 
affects stallion and mare reproduction (Raudsepp et al. 2013). Genome-wide association 
studies have recently revealed genes and genomic regions potentially associated with 
stallion fertility (Schrimpf et al. 2014; Schrimpf et al. 2015) and also conditions 
underlying subfertility (Raudsepp et al. 2012). One of these genes is FK506-binding 
protein 6 (FKBP6), first found in humans (Crackower et al. 2003; Miyamato et al. 
2006), proposed as a susceptibility locus for subfertility in Thoroughbred stallions by 
impaired acrosome reaction (IAR) (Raudsepp et al. 2012). Stallions with IAR have a 
double homozygous AA-AA genotype consisting of SNPs g.11040315G>A and 
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g.11040379C>A in FKBP6 exon 4. An association between FKBP6 and stallion fertility 
has also been recently reported in Hanoverian stallions (Schrimpf et al. 2015) were SNP 
g.11040379C>A was associated with higher conception rates in A/A stallions and lower 
in C/C stallions. However, the double homozygous A/A-A/A genotype was not 
associated with fertility measured as pregnancy rate per oestrus cycle (Schrimpf et al. 
2015). Association between FKBP6 variants and stallion fertility appear to be different 
depending on breed tested and should thus be further analysed in order to have a better 
understanding the role of the genetic variants involved. Through the analysis of sub 
fertile Sorraia stallions by karyotyping, sperm-FISH and FKBP6 exon 4 genotyping, we 
aimed at determining the prevalence of chromosome abnormalities, sex chromosomes 
meiotic segregation errors and frequency of IAR susceptibility genotype, respectively. 
This will hopefully aid in stallion selection for the management breeding program. 
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1.4 - Specific aims 
 
With the publication of the Sorraia horse Studbook in 2004 (Oom et al. 2004), 
records from all Sorraia horses became available. This provided an opportunity to 
investigate the evolution of this endangered breed using different tools and approaches 
(e.g. pedigree, genetic, demographic and morphometric analysis; genome-wide genetic 
variability assessment; inbreeding and inbreeding depression; reproductive fitness). A 
Sorraia DNA bank with samples from over 400 animals was established throughout the 
duration of this PhD. This allowed all succeeding analyses to be performed and will also 
allow the continuing study of this breed for years to come when new tools and projects 
arise. 
Specifically, this project aimed at studying: 
1) Genetic diversity and demographic structure evolution through time using pedigree 
analysis (N=653) - Paper 1 
2) Morphometric evolution of stallions over the past 20 years and the effects of 
inbreeding depression on morphological traits (N=40) - Paper 2 
3) Genome-wide genetic variability through microsatellites (N=190), single nucleotide 
polymorphisms (N=48) and copy number variations (N=14) - Paper 3 
4) Inbreeding depression on fitness related traits through pedigree analysis (N=749) - 
Paper 4 
5) Cytogenetic evaluation using classic and molecular cytogenetic methods (N=28) - 
Paper 5 
6) Fertility analysis of stallions by sex chromosome content of sperm cells analysis 
(N=6) and sequencing/genotyping of fertility-related gene FKBP6 (N=11) - Paper 6 
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1.5 - Thesis Structure 
 
This thesis is comprised of a comprehensive introduction where breed history, current 
status, genetic variability, inbreeding and multidisciplinary approaches to achieve the 
outlined objectives is explained. This is followed by two chapters, each one comprised 
of three papers that intended to answer the questions raised in our above-mentioned 
aims. Next, we present a discussion where all topics are approached and results unified. 
This discussion is mainly focused on presenting the findings of this work. For more 
detailed results and breed comparisons, the respective papers should be consulted. In the 
end, the Final remarks chapter will cover what was achieved and what should be the 
future prospects for the Sorraia horse breed. Description of analysed parameters is 
provided in the end of this thesis as a Glossary. 
Below we present a short explanation in how each paper answers the questions raised 
in the thesis’ aims.  
The genetic and genomic analysis herein would not have been possible without the 
accomplishment of the Sorraia DNA bank. It was a priority and was kept up-to-date. 
This aim allowed us to do the needed research to produce the results for aims #3 and #6.  
Populations that are under conservation management breeding programmes, such as 
the Sorraia horse, should be routinely evaluated for their current status through the 
analysis of pedigree data, available in the Studbook (Oom et al. 2004; FAO 2015). This 
will contribute to a more thorough knowledge of the breeds’ genetic evolution and 
demographic structure, allowing better management and a method to evaluate the 
success of the conservation strategies in place. With this in mind, we conducted a study 
that led to Chapter 2 - Paper 1, “Genetic diversity and demographic structure of the 
endangered Sorraia horse breed assessed through pedigree analysis”; which answers 
these questions and served as a stepping stone to the rest of the PhD project. This paper 
was the result of a Master’s Thesis by Márcia Pinheiro, explaining why first authorship 
is hers. For this paper, data entry was done by me as well part of the demographic 
analysis, manuscript preparation, submission and revision/review. A thorough 
morphological description, morphological evolution and impact of inbreeding 
depression, coat colour and age on morphological traits are of paramount importance for 
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breed characterization and can be added to the management breeding program currently 
in place. The objective was thus to morphologically describe the Sorraia horse breed 
while trying to assess mainly the impact of inbreeding depression, but also coat colour 
and age, on its conformation evolution over the last 20 years. These questions in aim #2 
are answered by Chapter 2 - Paper 2 “Morphological characterization and inbreeding 
effects in the endangered Sorraia Horse breed”. 
Aim #3, describing the genetic variability of the Sorraia horse using different 
molecular approaches (microsatellites, single nucleotide polymorphisms and copy 
number variations) to get a genome-wide understanding of the remaining variation of 
this extremely endangered breed, resulted in Chapter 2 - Paper 3 “Genome-wide 
variability in the Sorraia horse”.  
Although Sorraia horses are known for their extremely high inbreeding coefficients, 
there is little information regarding the effects on fitness related traits. It was thus of 
utmost importance to determine its effect on fertility levels, observed viability and other 
life-history traits. This was done by studying the relationships between offspring and 
parental inbreeding and the viability of new-borns; between inbreeding and fertility in 
both sexes; inbreeding and foaling intervals and age at first parturition. This study 
resulted in Chapter 3 - Paper 4 “Impact of inbreeding on fitness-related traits in the 
highly threatened Sorraia horse breed”, answering the questions in aim #4 and 
providing new insights that can be added to the current management-breeding program.  
Fertility is of utmost importance for the long-term self-sustaining of the extant 
population. It has been shown that chromosomal abnormalities, especially on sex 
chromosomes, are associated with infertility or subfertility in horses. To date, no 
cytogenetic studies have been performed in this breed to assess the prevalence of 
chromosome abnormalities in animals with low breeding performance and ambiguous 
sexual phenotypes. Chapter 3 - Paper 5 “First evidence of sex chromosome mosaicism 
in the endangered Sorraia Horse breed” and other results that are mentioned in the 
Discussion section of this thesis answer the questions raised in aim #5. 
Finally, aim #6 was answered by Chapter 3 - Paper 6 “Fertility assessment in 
Sorraia stallions by sperm-FISH and FKBP6 genotyping”, where karyotyping, sperm-
FISH and FKBP6 exon 4 genotyping where done in sub fertile Sorraia stallions to 
determine the prevalence of chromosome abnormalities, meiotic segregation errors of 
the sex chromosomes and the frequency of the IAR-susceptibility genotype, 
respectively. 
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We expect that all these results will aid the Sorraia Breeders Association genetic 
management program and to support the best advices to the breeders, improving the 
breeds’ genetic health and also help preserve and prevent the permanent loss of this 
iconic and important animal genetic resource. 
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Trait Heritability Repeatibility 
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Foal survival (6M) 0.00 ± 0.07 - 
Mare fertility 0.92 ± 0.13 - 
Stallion fertility 0.89 ± 0.64 - 
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This discussion is mainly focused on presenting the findings of the present study. For 
more detailed results and breed comparisons, the respective papers presented in the 
former chapters should be consulted. 
 
4.1 Breed Characterization 
 
Genetic diversity conservation is crucial for sustainable management of animal 
genetic resources and can be achieved by selection programmes that restore genetic 
diversity (Ajmone-Marsan 2010). Protecting a domestic breed and guaranteeing its 
survival depends on a minimum number of individuals that guarantee the essential 
genetic diversity and make possible adaptation to environmental changes (Frankham et 
al. 2004). Structure, diversity, gene flow and demography assessment are important to 
determine how endangered a population is, and to device an effective selection and 
conservation program (Goyache et al. 2003; Gutierrez et al. 2003; Fernández et al. 
2004; Cervantes et al. 2008). Pedigrees are useful to describe genetic variability and 
evolution within populations, across generations (Boichard et al. 1997). They can be 
used independently or in complement of molecular analysis. In our study, pedigree 
results were consistent with molecular analyses, revealing low diversity in the Sorraia 
horse.  
The small number of founders, reduced effective population size, complete genetic 
isolation and unbalanced use of animals for reproduction (particularly males) have led 
to genetic variability decline over time. The use of the same stallion in consecutive 
years in the same breeding farm has led to founder loss and uneven genetic contribution 
regarding all available males (Kjöllerström 2005; Pinheiro et al. 2013).  
In agreement with molecular data, pedigree analysis has shown that only two of the 
original seven matrilineal lines exist today (Luís et al. 2002). Ideally founder 
contribution should be equivalent (Lacy 1989) but in the Sorraia three founders 
represent more than half of the population’s genetic variability. The effective number of 
founders (fe) is 7.46, with two founders no longer represented and the genetic 
contribution of underrepresented founders at great risk of loss (Luis et al. 2007a; 
Pinheiro et al. 2013). The effective number of ancestors (fa) was four, substantially 
lower than fe. Inadequate breeding strategies since the breed’s foundation such as 
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unbalanced use of stallions for reproduction and lack of veterinarian support on 
reproductive performance assessment and improvement validate the low fa and fe 
values, with a small number of animals explaining the overall reduced genetic 
variability, while also leading to uneven progeny between sexes.  
Generation length influences the rate of genetic progress and is important in breeding 
programs. In Sorraias, this value (7.94 yr) was lower than reported in other horse 
breeds. Mare values were slightly higher than sire values, mostly because mares are 
kept for reproduction as long as possible while sires are replaced more frequently. The 
number of international Sorraia horse breeders has increased in recent years although 
most living horses are still bred in Portuguese studs. Schäfer’s Stud is the most 
important international breeder and the first established in Germany, functioning as a 
source for several new German subpopulations. Due to the establishment of new 
breeders and the public’s increasing interest in this breed, the number of births per year 
has increased over time (the total population reaching almost 300 animals in 2011), 
particularly from 1987 to 2006 with about 51% of registered animals. This also allows a 
more efficient genetic management, by maximizing the use of all available sires and 
mares, currently underway, leading in turn to an improvement in fertility and progeny 
survival.  
The quality of genealogical information in the Sorraia Studbook is very high, with 
98% known ancestors in the first generation. For the second and third generations this 
value is over 80%, as older animals might have founders early in the genealogy with no 
information on former ancestors. With records starting in 1937, mean complete number 
of generations was 8.17 and 13 maximum number of generations in the extant 
population.  
Average inbreeding (F), mean kinship (mK) and average relatedness (AR) reported 
herein are extremely high and far from those reported in other livestock breeds. Over 
half of registered animals have 25% inbreeding or higher (Pinheiro et al. 2013). Inbred 
births appeared as soon as 1942 and increased 5.2% per generation throughout the 
years, far from the 1% limit established by FAO (1998), however, average inbreeding 
coefficient per year has stabilized (or even decreased) especially over the last decade. 
The most feasible management practice of the breed has been to avoid inbreeding on 
each stud farm by choosing a different stallion to be crossed with mares each season. 
Unfortunately, the most genetically important animals, as ranked by the individual value 
of mK, are reaching post-reproductive age and are limited by geographical constraints. 
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In order to select the most genetically influential stallions, breeders regularly refer to the 
Sorraia Breeders Association for genetic analysis simulations. Breeder’s awareness and 
involvement in these conservation efforts is increasing, as information forums are held 
by the Sorraia Breeders Association. All efforts have given positive results with recently 
registered animals having below average inbreeding coefficients.  
Sorraia Breeders Association has also implemented a reproduction strategy based on 
selecting breeders by minimizing mean kinship (mK), to the best of our knowledge for 
the first time in a horse breed, and also promotes stallion exchange between stud farms. 
Ovulation and pregnancy monitoring by ultrasonography and semen evaluation has also 
been carried out, in an increasingly widespread way, in order to improve pregnancy and 
survival rates of, for example, conceptuses. The definition of breeding strategies to 
minimize inbreeding and maximize genetic diversity is extremely important, as is the 
continued analysis of their results that underlie future decisions and allow the 
achievement of defined objectives. 
 
In conservation management programs of AnGR, a breed’s phenotypic 
characterization is of utmost importance as basic information, complementing genetic 
and historical information (Melo et al. 2011). This is fundamental for the establishment 
of national AnGR inventories and to effectively monitor populations, establishing the 
basis for which to start management breeding programs (FAO 2012). Morphometric 
measurements also give valuable data for instituting realistic breed standards, as well as 
to define breed’s deviation from them in different generations.  
Regarding Sorraia stallion morphology, comparing 26 body measurements in two 
groups 20 years apart, OLD and NEW, revealed a wider distribution of all analysed 
variables in the latter, mainly due to higher number of individuals. Morphometric values 
were higher, on average, in the OLD group. Inbreeding and age were higher in the 
NEW. Overall average height was 145.96cm, and 16% of the NEW animals were taller 
than the described 148cm standard (Oom 1992; Oom et al. 2004). Stallions have 
become shorter in 20 years, although this difference in height measured at the withers 
was not statistically significant. We have validated the results obtained by Oom (1992), 
proving the Sorraia to be shorter than the Lusitano (Oom & Ferreira 1987; Oom 1992; 
Solé et al. 2013; Vicente et al. 2014a), but taller than the Garrano (Oom 1992; Santos & 
Ferreira 2012) and Terceira ponies (Lopes et al. 2015). A breed’s body conformation 
ratio (withers height/body length) is important to define the purpose for which horses 
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are bred. The Sorraia is a well proportionate horse with a ratio ≈1 and square body 
shape, eumetric and mediline (Oom 1992) and should be considered a horse and not a 
pony. Withers height is slightly higher than croup height, which is also in accordance 
with the results found in the Lusitano (Oom & Ferreira 1987; Oom 1992), the most 
relevant Portuguese saddle horse. Chest circumference has increased and cannon bone 
perimeter decreased over time in Sorraia stallions. Sorraias are now used daily in riding 
centres where higher aerobic capacity is preferred and are being bred mostly for leisure 
and sport, whereas before they were mainly used in reproduction or cattle driving and 
selected for stronger bone structure. Feeding differences and genetics could also explain 
these results. 
Age had a significant negative impact on a few measurements that could be explained 
by overall loss of body condition with advancing age. To the best of our knowledge, this 
is the first report that correlates coat colour and body measurements, demonstrating that 
animals with a specific coat colour (dark mouse dun) are shorter than others (mouse and 
yellow mouse duns).  
Studies in horses on the effects of inbreeding on morphometric traits are limited. In 
the Lusitano, Oom (1992) and Vicente et al. (2014b) reported a significant (p<0.01) 
detrimental effect of inbreeding on withers height, as did Gandini et al. (1992) in the 
Italian Haflinger horse. It is peculiar that inbreeding, that  has increased over time in the 
Sorraia breed, had so little effect on morphological traits in stallions, however, it is 
known that inbreeding depression is more severe on fitness and life-history traits than 
on morphological ones (Coltman & Slate 2003; Carolino & Gama 2008). This could 
also be due to improved management and handling (nutrition and training) compared to 
20 years ago, potentially masking the detrimental effects of significant increase in 
inbreeding coefficients over time. Another possibility is the purging of deleterious 
recessive alleles (Lacy et al. 1996; Leberg & Firmin 2008) from the Sorraia horse 
population over generations and through natural selection. Additionally, since only one 
stallion is used per herd, per year, using a shorter stallion would lead to a decrease in 
height in the progeny that wasn’t due to inbreeding but to trait heritability.  
Principal component analysis (PCA) is a very useful tool to visualize relationships 
between individuals using different input data, positioning individuals in a 2D/3D graph 
and grouping them by similarity (Almeida 2007). It has been used in horse 
morphometric studies to determine breed relationships (Gómez et al. 2012; Solé et al. 
2013), breeding goals (Cervantes et al. 2009), or stud farms (Zechner et al. 2001; 
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Sobczuk & Komosa 2012). In our study, OLD and NEW samples did not separate into 
different clusters, showing the breed’s great homogeneity in morphometric 
measurements, together with their high correlation, and also the small number of 
animals in group OLD. 
While inbreeding depression on the majority of traits analysed on the Sorraia horse 
haven’t been alarming thus far, studying these effects is very important as 
morphological conformation can determine an animal’s athletic aptitude and vigour. 
This is pertinent for reproductive success as interactions between mares and stallions 
mainly occur extensively in natural settings. Conformational traits can also allude to 
potential inbreeding depression in other characteristics and should be considered in the 
management-breeding plan.   
As suggested by Lacy et al. (1996), sample sizes should be big enough as to allow for 
the detection of statistically significant results of inbreeding depression. In our case, 
increasing sample size would improve the statistical power of the analysis, although it 
was not an easy task to find handled stallions to be measured.  
 
Genome-wide variability in the Sorraia horse has decrease over time, as expected in a 
breed with only 12 founders that has been managed as closed population since 1937.  
Our STRs analysis results represent an improvement in the analysed parameters 
relatively to previous ones that included Sorraia samples (Aberle et al. 2004; Luis et al. 
2007a; Luis et al. 2007b), but it is still lower than in other horse breeds (Aurich et al. 
2003; Curik 2003; Giacomoni et al. 2008; Costa et al. 2010; Mittmann et al. 2010; 
Gupta et al. 2012). These results were expected as markers were chosen based on their 
high variability in the Sorraia breed. A few of the newly tested STRs showed a great 
potential for replacing some of those currently used in parentage testing, increasing the 
efficacy of the test.  
There was no polymorphism in Y-linked loci, in agreement with the results of 
Wallner (2004) and Kakoi et al. (2005). This is a result of the stronger selection in 
males throughout horse evolution and domestication, where only a reduced number of 
stallions would contribute to subsequent generations (Lindgren et al. 2004). In the 
Sorraia, this is particularly truthful since most breeding is done extensively and only 
one stallion is used per year, per herd (Oom 2006).  
Despite the increase in inbreeding, that lead to decreased genetic variation and to 
inbreeding depression, mean d2 and individual heterozygosity have improved since 
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2007 (Luis et al. 2007a). These results show the positive results of the implemented 
Sorraia Breeders Association management-breeding plan. 
When comparing the Portuguese (PT) and German (GER) populations using STR or 
SNP data, we found that GER had better values in general for the genetic parameters 
analysed than PT. This is likely a direct result of the different breeding systems, 
validating that using one stallion per mare increases the number of stallions used yearly 
in GER, consequently increasing genetic variation and decreasing inbreeding in this 
population.  
STRUCTURE analysis of STR data organized our samples into three clusters (K=3): 
cluster 1 with animals related to stud farm # 4; cluster 2 contains animals from the 
original German (#9 and 10) and a Portuguese stud farms (#13), whose animals were 
bought (or are direct descendants) from #3; cluster 3 contains animals from the founder 
stud farm (#2, 3, 5 and 8), as well as animals from studs 7, 11 and the most recent 
German stud (#1). This analysis validates this breed’s historic evolution as well as their 
breeders. It is interesting to note how this analysis shows the admixture between stud 
farms implemented by the Sorraia Breeders Association in recent years, visible in a few 
stud farms (e.g. #4 and 7) where animals have almost a 50/50 contribution from 
different sources.  
Average inbreeding calculated using SNPs was much lower than the one obtained 
from pedigree data, with both values positively and significantly correlated. High-
density SNP-chips are presently used to calculate inbreeding coefficients (de Cara et al. 
2011; Lenstra et al. 2012; Curik et al. 2014; Knief et al. 2015), however, pedigree-
based inbreeding calculations should not be neglected, especially if dealing with highly 
inbred individuals, as the Sorraia, where SNPs might have restricted power (Wang 
2016). In Metzger et al. (2015) runs of homozygosity (ROH) based inbreeding 
calculations (total length of ROHs divided by genome length) in two Sorraia horses 
were in agreement with the current population average (Kjöllerström et al. 2015). These 
results show that using ROHs from sequencing data is suitable for inbreeding 
calculations in this extremely inbred breed.    
We found higher heterozygosity in STRs than in SNPs, as did Khanshour (2013) in 
Arabian horses, possibly due to SNPs’ bi-allelic nature and lower mutation rate. 
Additionally, our STRs were chosen based on their higher variability in the Sorraia 
breed, with subsequent higher heterozygosities. No correlation between STRs or SNP 
heterozygosities was found, in agreement with the different distributions. 
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We found ROH regions in 11 chromosomes, some of them common to more than one 
horse. It was interesting that chromosome 27, despite being one of the smallest 
chromosomes had the third biggest ROH, and that chromosome 2, one of the largest, 
had the smallest. Since short and long ROHs are signatures of ancient and recent 
inbreeding, respectively (Zhang et al. 2015), ancient inbreeding due to small ROH 
length was most common in Sorraia horses. There were a few overlapping ROH 
segments between our study and the one of Metzger et al. (2015), referring to other six 
horse breeds.  
Contrary to PCA analysis using morphometric measurements, and despite 
STRUCTURE separating our samples from 13 different breeders into three main 
clusters, FCA (STR data) and PCA (SNP data) analysis ordered our total population 
into two main groups: Portugal and “old” German breeders. In this analysis, animals 
from the most recent German breeder (#1) are still non-distinguishable from the 
Portuguese due to newly imported animals. The second principal component does not 
separate Portuguese breeders due to the Sorraia Breeders Association efforts to 
encourage stallion exchange, also explaining why there weren’t three clusters as in 
STRUCTURE analysis. These results also agree with the low FST found between PT 
and GER.  
None of the Sorraia specific CNVs found was ubiquitous, attesting to the 
variable nature of these markers. Array CGH analysis revealed 213 CNVs: 53 gains and 
160 losses, with an average 26.6 CNVs per horse, close to the results found by Doan et 
al. (2012b) and Ghosh et al. (2014) in different horse breeds. Adjacent and overlapping 
CNV calls were arranged into 71 CNVRs, of which 7 were Sorraia-specific. The 
number of CNVs in Sorraia horses (n=213) was close to that found by Doan et al. 
(2012b) (n=282), higher than in Metzger et al. (2013) (n=50), but lower than in Doan et 
al. (2012a), Dupuis et al. (2013), Ghosh et al. (2014) and Wang et al. (2014) (2368, 
2797, 950 and 700, respetively). The number of CNVRs in Sorraia was also lower than 
found in other horse breeds (Doan et al. 2012a; Dupuis et al. 2013; Ghosh et al. 2014; 
Wang et al. 2014; Ghosh et al. 2016). We found two novel CNVs involving genes 
ATP10D and RFX3. Although adequate for disease study, CNVs are not suitable to 
evaluate the degree of genetic diversity in this extremely inbred breed, as there were no 
fixed CNVs and individual variation in CNVs was high. 
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Parentage testing and genetic variability analysis for management purposes in the 
Sorraia will continue to be done using STRs rather than SNPs, since STR genotyping 
can be done at a fraction of the cost of SNPs, and there was higher variability and 
heterozygosity in the former.   
Our genome-wide results represent an improved evaluation and a broad overview on 
the extant genetic variation in the Sorraia breed resulting from the multi-method 
approach. They offer new possibilities to increase heterozygosity and reduce inbreeding 
by choosing the best breeding pair combinations each year. Therefore this data should 
be included in the current management breeding program as it would allow for a quicker 
genetic recovery and more spot-on conservation of this extremely endangered animal 
genetic resource. 
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4.2 Reproductive fitness 
 
Reproductive success is extremely important for conservation and management. 
Therefore determining the possible causes of reduced fertility noted in this endangered 
breed is essential. Additionally, early detection of animals that will show poor breeding 
performance in the future can save time, and breeders’ resources.  
Inbreeding increased since the breed’s foundation and all births from 1960 onward 
are inbred (Kjöllerström et al. 2015). Inbreeding is thus inevitable in the Sorraia breed 
and can only be managed in order to minimize its increase, as has been done by the 
Sorraia Breeders Association. Inbreeding depression has been demonstrated in other 
equid populations with increasing kinship between breeding animals causing reduced 
fitness. An increase in juvenile mortality and decrease in life expectancy throughout 
successive generations of inbreeding have been reported (Ryder & Wedemeyer 1982). 
In the Przewalski horse it has been shown that animals with inbreeding coefficients of 
0.25 or higher had fewer descendants (possibly due to inbreeding affecting ovarian 
function) (Collins et al. 2012) and had shorter life expectancies than those with lower 
inbreeding (Bouman & Bos 1979). In the Lusitano breed, Oom (1992) showed that 
animals with higher inbreeding coefficients were more likely to produce non-viable 
offspring.  
Mean fertility rates were 46.74% and 35.79% in stallions and mares, respectively 
(Kjöllerström et al. 2015) similar to those reported for the Lusitano and Garrano 
(Gomes & Oom 2000). Stallion fertility might be overestimated due to the effect of 
compensatory mating. Mean stallion and mare fertility rates are lower than in other 
breeds, possibly due to extremely high inbreeding and lower semen quality (Gamboa et 
al. 2009). Somewhat unexpectedly, the proportion of non-viable animals is low 
(Kjöllerström et al. 2015). Due to practice of extensive breeding management, recurrent 
in this breed, it is important to point out that determining the exact number of neo-natal 
deaths, abortions and foetus reabsorptions is difficult to report, potentially 
underestimating fertility rates in this breed. Comparatively, Lusitano (Barbosa & Abreu 
1986) and Przewalski (Monfort et al. 1994) mares have much lower abortions and 
stillborns percentages. We found mare fertility to be significantly and negatively 
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influenced by inbreeding, which is concerning if we consider the above-mentioned 
fertility under- and overestimation. 
Even though our results were based on a larger data set over a longer time-period than 
previous ones (Oom et al. 1991; Matos 1996), we could only find a weak relationship 
between foal inbreeding and viability. This discrepancy might be caused by husbandry 
conditions disguising inbreeding depression effects (Kalinowski et al. 2000; Kalinowski 
& Hedrick 2001), or due to residual genetic variability possibly overshadowing 
inbreeding depression. Additionally, natural selection and genetic drift might have also 
played an important role in purging some of the negative effects of inbreeding over the 
years, as suggested by Lacy (2000).     
 
Early detection of chromosomal abnormalities can save time and resources of 
breeders as affected animals will later on in life have reduced breeding performance. 
This fact substantiates the importance of implementing a systematic cytogenetic 
analysis to help provide definitive diagnosis for cases of reduced fertility in this 
critically endangered horse breed. Most sex-chromosome abnormalities correspond to 
normal phenotypes, so a higher percentage of particularly difficult breeding cases may 
be attributed to chromosomally abnormal animals that remain barren despite best efforts 
from veterinarians and breeders.   
With this purpose in mind, we found the first evidence of sex chromosome mosaicism 
in the Sorraia horse in a mare (Kjöllerström et al. 2011). This abnormality was 
described for the first time by Chandley et al. (1975), by the co-occurrence of normal 
female (64,XX) and X monosomic (63,X0) cells. This karyotype is typically associated 
to sub fertility, an irregular or absent oestrus cycle, smaller body size, normal external 
genitalia and gonadal dysgenesis (Hughes & Trommershausen-Smith 1977; Chowdhary 
& Raudsepp 2000). Individuals with this karyotype might be sub fertile or infertile 
depending on the proportion of the two cell lines in the gonads (Chandley et al. 1975; 
Reid et al. 1987; Bugno et al. 2001; Wieczorek et al. 2001). Our results explain the low 
fertility of the studied mare. This is the first time that this specific mosaic has been 
linked to masculine body conformation and a stallion-like behaviour, proving that a 
chromosomal aberration may result in different phenotypes, even normal ones. We 
analysed the progeny of this mare, one stallion and one filly also highly inbred, looking 
for chromosomal abnormalities, with negative results.  
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We also looked for chromosomal abnormalities in a representative sample of the 
Sorraia population. All analysed Sorraia stallions were chromosomally normal (64,XX 
in females and 64,XY in males), excluding chromosome abnormalities as possible 
subfertility causes.  
 
 
Figure 9 - Chromosome breaks in Sorraia horses. A through E are from one individual, F is 
from a different animal. 
 
Two of the analysed stallions had chromosome breaks in a few metaphases (Figure 
9), although these breaks were not present in all cells nor were they consistently in the 
same location. Therefore, we did not determine the exact location of breakpoints by 
FISH, although GTG-banded karyotypes of some animals were successfully obtained 
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and the pairs with the breaks identified (Figure 9). These breaks might, however, be 
located in regions where genes responsible for DNA repair are present, leading to 
chromosome instability. This could potentially explain why one of the karyotyped 
animals (Figure 9, A-E) died at a younger age than what is considered normal for this 
breed (20 years rather than 30).  
In the future, the possibility of using X and Y whole-chromosome painting probes on 
metaphase and interphase nuclei (Raudsepp & Chowdhary 2008) will increase the 
efficiency and accuracy of karyotyping tests, reducing the time needed to detect sub 
fertility caused by sex chromosome aneuploidies (Breen et al. 1997; Wieczorek et al. 
2001; Bugno et al. 2006; Bugno et al. 2008). 
 
Karyotyping assesses diploid somatic cells, while sperm-FISH determines the 
chromosomal complement of mature sperm. Most sperm-FISH studies investigated 
sperm of chromosomally and reproductively normal males to assess diploidy and 
aneuploidy rates in normal sperm (Raudsepp & Chowdhary 2016).   
Sperm FISH was done for the first time in chromosomally normal Sorraia stallions 
with known poor semen quality. We combined information on sperm characteristics, 
inbreeding and fertility rates with chromosome analysis, sex chromosome sperm-FISH 
and molecular testing in order to look for a susceptibility genotype for impaired 
acrosome reaction (IAR). This could be a valuable tool in the conservation of this breed 
with its useful value in fertility evaluation. Almost all Sorraia stallions semen 
parameters were half of those reported in other horse breeds (Dowsett & Knott 1996; 
Gamboa & Ramalho-Santos 2005; Gamboa et al. 2009), even of those with comparable 
closed breeding systems, low genetic diversity and high inbreeding (Ducro 2011; 
McCue et al. 2012). Inbreeding depression might be the cause behind this poor semen 
quality, suboptimal motility and morphological characteristics.   
Aneuploidies of X and Y chromosomes in Sorraia stallions were higher than in 
normal males of other domestic species. The most common is XY sperm, suggesting 
that meiosis I (MI) errors prevail over meiosis II (MII) ones. Higher rates of MI errors 
have been previously described in normal stallions (Bugno et al. 2010; Bugno-
Poniewierska et al. 2011; Bugno-Poniewierska et al. 2014). Contrary to studies in men 
and stallions (Egozcue et al. 2003; Bugno-Poniewierska et al. 2011; Templado et al. 
2011), no correlation between sperm aneuploidies and age was observed in Sorraia 
stallions. This is probably a result of the small sample and reduced age classes of the 
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stallions analysed, not allowing age-related effects assessment. The rate of sex 
chromosome aneuploidies increased with morphologically normal sperm reduction, as 
in humans (Piomboni et al. 2014), although not significantly, again due to the small 
study cohort, requiring further study. We did not include an autosomal probe as internal 
control and thus were unable to differentiate disomy from diploidy, or nullisomy from 
lack of hybridization. Inbreeding negatively affects Sorraia stallions fertility 
(Kjöllerström et al. 2015), thus it was surprising to find no correlation between sperm 
aneuploidies and inbreeding.  
Few molecular markers have been associated with stallion fertility so far (Giesecke et 
al. 2010a; Giesecke et al. 2010b; Raudsepp et al. 2012; Schrimpf et al. 2014; Schrimpf 
et al. 2015). FKBP6 is a gene involved in synaptonemal complex, meiotic pairing and 
segregation (Crackower et al. 2003). It is a susceptibility locus for impaired acrosome 
reaction (IAR) in Thoroughbred stallions (Raudsepp et al. 2012), associated in 
fertilization with membrane fusion and acrosome reaction. Sorraia stallions have poor 
quality acrosomal membrane (Gamboa & Ramalho-Santos 2005), low fertility rates, 
poor semen quality and high rate of sex chromosome aneuploidies, justifying IAR 
susceptibility testing. IAR stallions are homozygous A/A-A/A in FKBP6 exon 4 
(Raudsepp et al. 2012). None of Sorraia stallions had the IAR susceptibility genotype 
and were all G/G-A/A, evidencing low genetic variability. This particular genotype was 
found in 22% of reproductively normal stallions from other breeds and has not been 
associated with fertility traits (Raudsepp et al. 2012). FKBP6 non-synonymous SNP 
g.11040379C>A (A/A) was recently associated with higher per-cycle pregnancy rate in 
Hanoverian stallions (Schrimpf et al. 2015). As all Sorraia stallions were sub fertile, 
with poor sperm characteristics, this association between A/A genotype and improved 
fertility remains unclear. These FKBP6 variants might be associated to underlying 
functional variants of other genes whose phenotypic effects may possibly depend on the 
genetic basis of the particular population or breed. FKBP6 genotyping results in Sorraia 
stallions are intriguing and require further investigation.  
Although studying Sorraia stallions using cytogenetic and gene sequencing tools 
excluded large chromosomal abnormalities and IAR as likely subfertility causes, their 
low fertility could be partly attributed to high rates of sperm sex chromosome 
aneuploidies.  
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The techniques described herein should be included in the genetic evaluation of 
breeding Sorraias and further studies should be implemented, analysing different 
samples and traits. As a result of the detected significance of inbreeding depression, 
these studies should also be undertaken in Sorraia mares and compared to those of 
stallions to understand if it is differentially affecting the sexes.  
To achieve conservation goals we must not neglect the hypothesis of taking, in some 
particular cases, full advantage of the benefits of assisted reproductive technologies 
(ART). This would maximize the use of breeding animals in the population, even those 
with low fertility rates, and the retention of genetic variability of those most genetically 
important, even after death.   
Sorraia breeding and conservation strategies should include information regarding 
signs of inbreeding depression to establish a long-term self-sustaining population and 
the breeds’ evolution should be tracked with the help of long term-studies.   
Due to their high inbreeding coefficients all Sorraias are genetically very similar, as 
far as the genetic markers used could detect. With the availability and decreasing cost of 
next generation sequencing tools, it would be of great interest to sequence and compare 
whole-sequence data of a few selected animals with well-characterized fertility 
phenotypes. This would help look for signs of inbreeding depression, giving us an 
insight into fertility-related genes that we currently know little about and cost the equine 
industry millions of dollars every year, at least until a more informative set of fertility 
markers is available. Sequencing entire genomes could potentially give the results that 
SNP and CNV data could not as they do not contain the entire horse genome.  
The next step is to continue SNP analysis looking for signs of selection and 
significant areas potentially linked to fertility or disease. Additionally, genotype 
imputation could allow the comparison of Sorraia and other horse breeds that have been 
analysed with the 50K-Equine SNP chip (McCue & Mickelson 2013; McCoy & McCue 
2014) in order to disentangle their relationships. This will be done in collaboration with 
other groups.  
It is obviously necessary to continue the implementation of the conservation 
management-breeding plan, which is essential to promote the control of the extremely 
high levels of inbreeding currently observed, assuming the maintenance of a long-term 
self-sustaining population is intended. Stallions should continue to be chosen yearly for 
each herd according to genetic suitability, and stallion rotation between stud farms, or 
yearly individual mare and stallion matings, should be encouraged. As noted in our 
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results comparing Portuguese and German populations, bringing a few selected German 
stallions for extensive breeding in Portuguese stud farms (and vice-versa) would help to 
maximize the retention of the genetic diversity still existing in the population, as a 
whole, and decrease inbreeding. These measures will continue to aid genetic and 
demographic improvement of the Sorraia horse, preventing future additional genetic 
erosion.  
It is of paramount importance to preserve this animal genetic resource of worldwide 
interest. As it has not been subjected to directional selection to enhance particular traits, 
the primitive characteristics and hardiness can only be preserved if this breed is allowed 
to reproduce extensively. Human intervention can never be excluded as we have seen 
preservation benefits from management and conservation plans that give continuity to 
the implemented multidisciplinary approach.   
Despite all efforts and considering our results showing extremely high and increasing 
inbreeding levels, low genetic variability and some recent evidence of inbreeding 
depression in the breed (Kjöllerström et al. 2015), the introduction of new animals from 
genetically close breeds might have to be considered by the Sorraia Breeders 
Association, in the future and as an exceptional and extreme case, in order to improve 
genetic health and prevent the permanent loss of this iconic and important horse breed. 
The stated increasing number of births per year is, nevertheless, a great hope for the 
long-term sustainability of this endangered national genetic resource. 
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Assisted reproductive technologies (ART) - Reproductive technologies routinely used to 
genetically manage and study wildlife species, as well as in endangered species conservation. 
These methods include: artificial insemination (AI); non-invasive hormonemonitoring; in 
vitro oocyte maturation and culture; in vitro fertilisation (IVF); embryo transfer; germplasm 
banking; cloning and stem cell-based technologies. 
 
Average relatedness coefficient (AR) - Defined as the probability that an allele randomly 
chosen from the whole population in the pedigree belongs to a given animal.  Numerically, 
AR corresponds to twice the probability of two random alleles (one from the animal and other 
from the complete population, including itself) are identical by descent and it can be 
interpreted as the representation of a given animal in the whole pedigree regardless of the 
knowledge of its own pedigree. It is computed as the average of the coefficients integrating 
the row from the individual in the numerator relationship matrix and it takes into account, 
simultaneously, the inbreeding and the coancestry coefficients.  
 
Copy number variations (CNVs) - Genomic structural variations that involve DNA segments 
ranging from 1 kb to 5 Mb, comprising insertions and deletions, as well as inversions and 
translocations). CNVs represent an important source of genetic variation among individuals 
and cover more nucleotide sequences per genome compared to SNPs markers. 
 
Effective number of ancestors (fa) - The minimum number of ancestors (founders or not) that 
are necessary to explain the population’s overall genetic diversity (Boichard et al., 1997). It is 
computed as: 

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1  
qj being the marginal contribution of an ancestor j (genetic contribution of an ancestor that 
isn’t explained by any other previously chosen). This parameter takes into account genetic 
diversity losses derived from the unbalanced use of reproductive animals through generations 
producing bottlenecks, being considered a useful parameter and an important complement to 
the information supplied by the fe. Only the animals with both parents known are considered 
for the calculations. 
 
Effective number of founders (fe) - Number of founders that would be necessary to produce 
the same amount of genetic diversity as in the population under study if they had identical 
contributions to the descendant population. It is computed as:  
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where qk is the probability of gene origin of the k ancestor (computed as the average 
relatedness coefficient - AR) and f is the total number of founders. It is equivalent to the 
parameter fe obtained following the methodology proposed by James (1972) or Lacy (1989) 
(founder equivalents) if the whole pedigree is included in the calculations. 
 
Effective population size (Ne) - The size of a randomly mating population of constant size 
with equal sex ratio and a Poisson distribution of family sizes that would (a) result in the same 
mean rate of inbreeding as that observed in the population, or (b) would result in the same rate 
of random change in gene frequencies (genetic drift) as observed in the population. These two 
definitions are identical only if the population is demographically stable (because the rate of 
inbreeding depends on the distribution of alleles in the parental generation, whereas the rate 
of gene frequency drift is measured in the current generation). 
 
Expected heterozygosity (HE) - Is calculated using an unbiased formula from allele 
frequencies assuming Hardy-Weinberg equilibrium (equation 8.4, Nei 1987). 
 
Fitness - Capability of a genotype to survive and reproduce.  Selection, within environments, 
acts against the phenotype associated with the genotype.  
 
Founder - An individual at the top of the pedigree, assumed to be unrelated to all other 
founders. An individual is not yet a founder of the captive-born population until it has living 
descendants in the population.  
 
Founder genome equivalents - The number of equally represented founders with no loss of 
alleles (retention = 1) that would produce the same gene diversity as that observed in the 
living, descendant population. Equivalently, the number of animals from the source 
population that contain the same gene diversity as does the descendant population. The gene 
diversity of a population is 1 - 1 / (2 * fge). In Goals, FGE is the number of founder genomes 
that will be incorporated into the population for each new founder added. A fge of 0.4 means 
that each new founder only contributed 40% of a founder genome to the population.  
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Generation length - The time elapsing from reproduction in one generation to the time the 
next generation reproduces. Also, the average age at which a female (or male) produces 
offspring. It is not the age of first reproduction. Males and females often have different 
generation lengths. 
 
Hardy-Weinberg Equilibrium - State of a population in which the gene and genotypic 
frequencies remain constant from one generation to the next.  
 
Inbreeding - Mating of related animals resulting in a non-zero probability that alleles at a 
particular locus are identical by descent.  The inbreeding coefficient of an offspring is equal to 
the kinship between its parents.  
 
Inbreeding Coefficient - Probability that the two alleles at a genetic locus are identical by 
descent from a common ancestor to both parents. The mean inbreeding coefficient of a 
population will be the proportional decrease in observed heterozygosity relative to the 
expected heterozygosity of the founder population.  
 
Increase in inbreeding per generation - We used average F values’ evolution per year of 
birth to evaluate this parameter, according to the formula in Gutiérrez et al. (2003) (Fn - Fn−1 
= l x b, where l = the average generation interval and b = the regression coefficient of mean 
inbreeding coefficient per birth year). 
 
Individual heterozygosity - Number of loci at which an individual was heterozygous, divided 
by the total number of loci at which an individual was scored.  
 
Individual increase in inbreeding iF   (Gutiérrez et al., 2008) -  Computed for each 
individual in the pedigree, following the modification proposed by Gutiérrez et al. (2009) to 
account for the exclusion of self-fertilization, as /11 1ti iF F    , where Fi is the inbreeding 
coefficient for each individual i and t the equivalent complete generations computed on the 
pedigree of this individual. 
 
Kinship - Probability that alleles randomly selected from homologous loci in two individuals 
are identical by descent from a common ancestor. A measure of the genetic identity of two 
individuals.  
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Mean d2 - Calculated as the squared distance in repeat units between the 2 alleles an 
individual had at a microsatellite locus, averaged over all loci at which an individual was 
scored, according to equation:  
݉݁ܽ݊	݀ଶ ൌ 	෍ሺ݅௔ െ ݅௕ሻ
ଶ
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where ia and ib are the lengths (in base pair) of alleles a and b at locus i and n is the total 
number of loci at which an individual was score. 
 
Mean kinship (mk) - The mean kinship coefficient between an animal and   all animals 
(including itself) in the living, captive-born population. The mean kinship of a population is 
equal to the proportional loss of gene diversity of the descendant (captive-born) population 
relative to the founders and is also the mean inbreeding coefficient of progeny produced by 
random mating. Mean kinship is also the reciprocal of two times the founder genome 
equivalents. 
 
Microarrays - Sets of miniaturized reaction areas that may also be used to test the binding of 
DNA fragments. Several different technologies are currently used to perform microarray 
experiments. DNA microarrays offer the opportunity to analyse the expression of many 
thousands of genes in a single experiment. They work by providing a fixed single strand of 
DNA to which labelled DNA fragments can bind. The DNA fragments are physically attached 
to an inert support (called a chip).  
 
Microsatellies - See short tandem repeats (STRs) 
 
Ne/N - Ratio of the Effective Population Size to the Census Size. Approximately, the 
proportion of animals that are currently breeders. 
 
Next generation sequencing (NGS) - New DNA sequencing technologies that produce 
millions of short reads (from 25–500 bp) in a short time (1–5 days).  
 
Observed Heterozygosity (HO) - Proportion of individuals in a population (or proportion of 
genetic loci within an individual) that are heterozygous (having two different alleles at a 
genetic locus). 
 
Glossary 
171 
Pedigree - Biological relationship among members of a family. 
 
Polymorphic information content (PIC) - Average polymorphic information content, taken 
across all loci. This is a measure of informativeness related to expected heterozygosity and 
likewise is calculated from allele frequencies (Botstein et al. 1980; Hearne et al. 1992). It is 
commonly used in linkage mapping.  
 
Probability of exclusion (PE) - The average probability that the set of loci will not exclude a 
pair of unrelated candidate parents from parentage of an arbitrary offspring.  
 
Probe - DNA fragments on an array to which test DNA will bind. 
 
Sex reversal - A condition in which the karyotype appears normal but the 
genetic/chromosomal sex does not match with the gonadal and/or external phenotypic sex.  
 
Short tandem repeats (STRs) - Highly polymorphic repeated DNA sequences, short (2–6 bp), 
comprised of a variable number of tandem repeats that occur in a seemingly random fashion 
distributed throughout the genome of all higher organisms. 
 
Structural rearrangements - Structural aberrations change the constitution of one or more 
chromosomes, are typically caused by mistakes in meiotic recombination and DNA break 
repair, and can be classified as genetically balanced and unbalanced changes. There 
rearrangements can be: inversions, translocations, deletions, duplications. 
 
Runs of homozygosity - Long stretches of homozygous genome that most likely arise when 
the individual is the offspring of related individuals.  
 
Single Nucleotide Polymorphisms (SNPs) - Single-base-pair variations scattered within the 
genetic code of the individuals within a population 
 
 
 
